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INTEGRATED ELECTROKINETIC DEVICES AND METHODS OF MANUFACTURE 

Field of the Invention 

The invention is directed to devices with electrokinetic components for solute species 
transport and/or reaction and separation and their method of manufacture, for use in micro-scale 
analysis, mixture separation and reaction. 

Background of the Invention 

Electrokinetic transport (electroosmosis, electrophoresis) of chemical species through 
thin slabs or through narrow conduits is known in the art. However, more recently, new devices 
with eletrokinetic-transport elements have been disclosed In particular, devices described in the 
literature have been directed towards applications of eletrokinetic-transport technology in 
genomics, proteomics, combinatorial chemistry and high-throughput screening for drug 
discovery. 

Elcctrokmetic-transport technology is used in species separation devices including slab- 
gel electrophoresis devices. In the slab-gel electrophoresis method, separation of chemical 
species occurs when the species in aqueous solution are transported at different rates along the 
gel. This class of prior-art devices generally consists of macro-scale slabs of hydrophilic-gel 
materials. Examples are described in U.S. Pat. No's. 4,574,040 and 4,663,015. In systems such 
as those described in the above referenced patents, pouring a gel-forming liquid into the space 
between two glass plates forms the slabs. The gel-forming liquid is an aqueous solution of 
hydrophilic polymers and cross-linkers. The gelation process causes the liquid to solidify into a 
solid slab. The resultant gel slab is a solid matrix containing a substantial quantity of water. The 
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slab thickness is determined by the spacing between the plates maintained by spacer strips placed 
between and along two opposing edges of the plates. Clamps hold the plates together and the 
spacer strips are smooth so that a seal is formed under the pressure of the clamps, preventing 
leakage of either the gel-forming solution during gel casting or the buffer solution during 
electrophoresis. 

Methods disclosed to reduce the dimensions of the transport channel of the slab-gel 
devices have generally used macrofabrication techniques. For example, U.S. Pat. No. 5,627,022 
discloses a thin gel slab prepared inside a gel holder consisting of two planar substrates and a 
thin spacer consisting of beads in an adhesive matrix. Macrofabricated multiple separation lane 
slab-gel devices have been disclosed, for example in U.S. Pal. No. 5,543,023. Such devices 
consist of an array of thin slabs separated by spacers. Multiple lane devices with gels cast into 
microcharaiel arrays are known in the art. U.S. Pat. No. 5,192,412 discloses a slab-gel contained 
within plates wherein one plate has a linear array of microchannels. U.S. Pat. No. 5,746,901 
discloses a similar combination of corrugated and flat glass plates sandwiching gel slabs. U.S. 
Pat. No. 5,954,931 discloses an electrophoresis device with parallel channels formed by casting 
gel onto a substrate with microchannels. Gel compositions for small dimension electrophoresis 
gel slabs have been disclosed in U.S. Pat. No. 6,013,166. Macro-scale dried gel slabs that are 
reconstituted by treatment with water prior to use have also been reported in the prior art (U.S. 
Pat. Nos. 4,048,377 and 4,999,340). 

Species separation devices of 1he prior art also include capillary tubes used both for 
capillary electrophoresis and capillary chromatography (for example U.S. Pat. No. 5,207,886). In 
this technique separations are conducted by electrokinetic flow of liquid through narrow-bore 
glass capillary tubes. In these prior-art capillary devices the separation occurs within the 
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capillary tube and the separation medium is a liquid that fills the tube after it is introduced 
through one end of the tube. Some prior-art devices use a polymeric coating on the internal 
surface of the narrow-bore tube (U.S. Pat. Nos. 5,141,612 and 5,167,783), others use capillary 
tubes pre-filled with gel (U.S. Pat. No. 4,997,537), still others introduce the separation polymer 
dissolved in the sample liquid (U.S. Pat. No. 5,089,1 1 1). 

Multi-lane separation devices consisting of multiple capillary tubes assembled in a 
housing have been disclosed in the art, for example U.S. Part. No. 5,439,578. It is well known in 
the art that such capillary separation devices provide superior separation performance over slab- 
gel separation devices of the prior art because narrow bores provide for less spreading of the 
species in the separating medium. Also, because of superior heat dissipation, high voltages can 
be used to effect rapid separation. 

Some shortcomings of these devices include the inability to easily integrate with other 
fluid manipulation elements or other elements of the analytical process and the inability to 
provide readily for variations of composition within the medium. 

Integrated micro-analytical and rrncro-chemical-reaction devices, commonly also referred 
to as lab-on-a-chip devices, have been disclosed in the prior art (for example U.S. Pat. Nos. 
4,908,112 5,126,022 and 5,180,480). These devices utilize nn^-machining methods adapted 
from semiconductor chip manufacturing to fabricate micro or meso-scale devices on planar 
substrates for the purpose of performing separations, measurements and chemical reactions. 
These devices are mechanical structures realized by forming cavities and channels or trenches 
into a solid substrate. The devices are generally completed when a cover assembly over the 
cavitated substrate provides a cap that converts the cavities and channels into chambers and 
conduits. U.S. Pat. No. 5,429,734 however, discloses a channel etched into a semiconductor 
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wafer that includes a monolithic capping means. U.S. Pat. No. 4,908,112 discloses separation 
devices including electrodes with channels etched into semiconductor slabs. U.S. Pat. No. 
5,750,015 discloses separation devices with trenches formed in insulating plastic slabs. 
Other structures consisting of cavitation in planar substrates include devices with channels and 
detectors (U.S. Pat. Nos. 5,637,469 and 5,906,723), devices with chambers (U.S. Pat. No. 
5,585,069) and devices with channels and mechanical sieving means (U.S. Pat. No. 5,304,487). 
Reactions, mixture separations and analyses take place in such microstructures in liquids that are 
electrokinetically transported along the conduits. Generally in these prior art devices, the 
reactants, catalysts and reagents are stored and prepared in off-chip processes then introduced 
into the channels of the chip during use by pumping from one open end of the channel along its 
entire length. U.S. Pat. No. 5,126,022 discloses microfabricated trenches that are filled with gel 
prior to use. 

Integrated micro-channel separation devices have been disclosed in the art, wherein 
elecrrokinetic fluidic manipulations are carried out in micro-channel structures more complicated 
than those feasible in a simple capillary tube with only an inlet and an outlet, and more 
complicated uian an array of channels either in multi-lane slabs or capillary tube arrays. U.S. Pat. 
No 5,770,029 discloses a device with a main electrophoretic channel connected to a secondary, 
enrichment channel. U.S. Pat. No. 5,296,114 discloses an electrophoretic separating device 
consisting of a channel in the form of a loop with multiple inlet and outlet ports. U.S. Pat. No. 
5,750,01 5 discloses a device consisting of amain trench and multiple branching trenches. 
Devices are disclosed with multiple connected channels (U.S. Pat. No. 5,800,690), intersecting 
channels (U.S. Pat. Nos. 5,599,432 and 6,010,608) and channels connected to multiple reservoirs 
(U.S. Pat. No. 5,858,195). 
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Integrated micro-channel devices in which there is a binding step combined with an 
electrokinetic transport step within a conduit or slab are also known in the art. U.S. Pat. No. 
5,661,028 discloses a device that integrates a binding/primer element with an element for 
introducing reagents from off-chip for a Sanger sequencing reaction with an electrophoretic 
separation element consisting of a planar etched channel with glass cover plate backfilled with 
gel. U.S. Pat, Nos. 4,628,035 and 5,055,415 disclose antigen-antibody binding inside an 
electrophoretic medium. 

The prior art of biosensors and dry reagent diagnostic devices contains numerous uses of 
hydrophilic materials or gels. Devices from this prior art that are made by microfabrication 
include for example U.S. Pat. No. 5,194,133 that discloses a biosensor with a micromachined 
channel filled with a gel material Devices that consist of a composite of a gas-permeable layer 
and a hydrophilic-polymer layer also are known in the prior art of biosensors, including devices 
of this type made by microfabrication. For example U.S. Pat. No. 4,933,048 discloses a 
microfabricatcd gel and hydrophobic-vapor-permeable polymer for use as a salt bridge of a 
potentiometric reference electrode. U.S. Pat. Nos. 5,514,253 and 5,200,051 disclose micro- 
fabricated gas and enzyme biosensors that also utilize these composite layers. These numerous 
diagnostic devices disclosed in the prior art of biosensors utilize the gel or hydrophilic material 
as a medium for reagent retention or as an element through which species move by diffusion. 
However, none of these references teach the use of a layer composite of this general type in an 
active electrokinetic pumping application. Both the functional design and the mode of operation 
of this class of prior-art biosensor and dry-reagent diagnostic devices are different from active 
electrokinetic pumping devices. 
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Devices have been disclosed in the prior art that utilize voltages not for electrokinetic 
transport but for modulating the amount of hybridization at an electrode surface (U.S. Pat. Nos. 
5,632,957 and 6,017,696) or for biological sample preparation (U.S. Pat. No. 6,129,828). 

In summary, prior- art electrokinetic devices are either empty channels (trenches in 
planar substrates or conduits in tubes), channels with coated surfaces, or channels filled with 
polymer solutions or gel. Prior-art devices also include slabs of gels or gel tracks formed by 
casting gels into mechanical pre-forms or cavities. The prior-art devices are thus limited in one 
D of several ways. Prior-art micro-channel devices, while manufactured in part by microfabrication 
P methodologies, generally only provide for elements that contain mechanical structures. Thus 
j!l they do not contain tbe chemicals and reagents required to function as truly integrated-analytical 
! 'f systems. At the current state of the art these types of devices consist of really only lab-glassware- 
f* on-a-chip rather than the complete lab-on-a-chip as they have been called. The prior art does not 
q teach how the integration of chemical function can be accomplished with any generality. 
O Furthermore, prior-art slab-gel based devices are generally made by traditional macro-fabrication 

jjSKHK 

methods, thus they are expensive to manufacture and use. They require large sample sizes and 
are slow in performance. They cannot easily be integrated either to provide multi-analysis 
capability, nor easily or cost effectively be combined with other components of an integrated 
analytical system. 

Moreover, the materials of the transport element of prior-art slab-gel devices have been 
limited to gelatinous media. As such they are largely water-based and fragile and difficult to 
process into structures much more complicated than simple slabs. These materials are not 
amenable to planar processing nor microfabrication to make integrated devices. 
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Thus there remains a significant need for cost-effective electrokinetic devices amenable to planar 
processing and/or microfabrication and for processes for their manufacture. A farther need exists 
for electrokinetic devices with incorporated chemical entities. 

Summary of tbe Invention 

It is an object of the invention to provide electrokinetic devices and a method of 
fabrication therefor, which devices are preferably applicable for use in micro-scale analysis, 
mixture separation and reaction. 

It is yet a further object of the invention to provide electrokinetic devices including 
hydrophilic-matrix conductors for electrokinetic solute species transport and/or separation. 
It is another object of the invention to provide electrokinetic devices that are suitable for planar 
processing and/or microfabrication. 

It is still another object of this invention to teach methods whereby hydrophilic matrixes 
and included chemicals may be microfabricated. 

It is a further object of the invention to teach methods whereby encapsulating elements 

can be microfabricated. 

It is still a further object of the invention to provide electrokinetic devices featuring the 
integration of hydrophilic-matrix conductors with chemical entities contained in reservoirs and 
reaction regions to provide for self-contained micro-analytical systems. Chemical entities include 
separation polymers, attachment ligands or probes, primers, enzymes, filtration means, buffers 
and the like. 
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It is yet another object of the invention to provide devices that include self-contained 
reagents and are formatted as a cost-effective, single-use disposable device for use particularly in 
the fields of genomics andproteomics and molecular diagnostics. 

Complex embodiments of devices in accordance with the present invention will in the 
following be collectively called integrated-electrokinetic circuits. 

It is an object of the invention to provide integrated-electrokinetic circuits and their 
methods of manufacture, 
p It is an object of this invention to teach microfabrication methods for integrated- 

CO electrokinetic circuits that retain their chemicals during back-end processing steps. 

These objects of the invention are achieved in a device for electrokinetic transport of an aqueous 

CO 

f-J solute, including an electrically insulating substrate; an electrokinetic conductor element in the 

Pi form of a solid hydrophilic-matrix layer on the substrate, the matrix layer being in a substantially 

If! 

Q dry, inactive state and having a first surface engaging the substrate and a second surface; and a 
Q cover layer for electrically insulating and covering the second surface, the cover layer being 
impermeable to the solute; whereby exposure of the hydrophilic matrix to water converts the 
matrix from the inactive state to a hydrated, active state permitting electrokinetic transport of the 
solute. 

In a preferred embodiment, the solid hydrophilic-matrix layer is in the form of a film that 
can be fabricated into a variety of micro-scale structures. The solid hydrophilic-matrix layer 
when hydrated functions as a conductor for electrokinetic species transport or separation. 

In another embodiment, the device is manufactured in the form of a chip and further 
includes hydrophilic-matrix cladding containing chemical species adjacent to either an open 
conduit or a hydrophilic-matrix conductor, as well as other integrated microstructures for 
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retaining chemical species for on-chip chemic'al reactions and integrated detection structures for 
on-chip species detection. , 

In devices in accordance with the invention, the transport of species, reactions, mixture 

separations and analyses takes place within hydrophilic-matrix conductors, within hydrophihc- 

i 

matrix sheathed conduits, as well as within other formed elements such as reservoirs and reaction 

i| 

zones that consist of solid-state hydrophilic matrices into which water is introduced at or before 

the point of use. I 
Q Although reference is made throughout this application to transportation of a solute 

CO species, this term is intended to encompass transport of the solute species irrespective whether 
I s * the solute is transported within the solvent or by way of a pumping of the solvent, for example 
j« by electroosmosis. ; 

% In another preferred embodiment of tlxxs invention, elements of integrated-electrokinetic 

m circuits are produced by microfabrication. Thus, for example a particular circuit component of an 
S integrated-electrokinetic circuit in accordance with this invention is a conductor for transport of a 
solute chemical species. The conductor preferably consists of a thin film of a solid hydrophilic- 
matrix material that has been patterned into ajstrip-line by a microfabrication method. This 
microfabrication is preferably performed on the hydrophilic solid in its dry or semi-dry form. 
The thin film is preferably less than 1 0 micrometers in thicloiess. Preferred dimensions of the 
strip-line are less than 100 micrometers in width and greater than 100 micrometers in length. In 
the preferred circuit, the solid bydrophilic-matrix conductor overlays a substantially planar 
substrate that is impermeable to the solute species to be transported through the hydrophilic 
conduit. The conductor is surrounded on its sides and top by a cover layer made of encapsulant 
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materials also substantially impermeable to the transported species. In the preferred embodiment 
the encapsulant material is deposited by a film process and also is formed by microfabrication. 
In still a further preferred embodiment of the invention, at least a portion of the insulating 
encapsulant material has the additional property that it is permeable to water vapor. This allows 
for the initially substantially dry and inactive hydrophilic matrices to rapidly take up water being 
transported through the encapsulant material as vapor. Upon exposure to water, the encapsulant 
retains the insulating properties that are required for the proper function of the device. The dry 
solid hydrophilic matrix however becomes a conducting electrolyte upon incorporation of water. 
The device is exposed to water either before or at' the point of use of the device. In a variant of 
this preferred embodiment it is the substrate material that is water permeable. 

In another embodiment of this invention, integrated-electrokinetic circuit components are 

t 

provided where hydrophiliomatrix conductors, sheaths, reservoirs and reaction zones are 

i 

prepared with in-situ chemical reagents for performing reactions, mixture separations or 
analyses. These in-situ chemicals are preferably introduced into the hydrophilic matrix at 
manufacture. 

In still another embodiment, the device includes hydrophilic-matrix conductors in parallel 
arrays to facilitate transport of solute species through multiple lanes as might be used in a 
multiple sample separation on a single integrated device, or as might be used to transport 

i 

chemicals to multiple reaction zones or multiple regions of ligand-binding. 

In yet an additional embodiment, the device includes hydrophiliomatrix conductors with 

intersections so as to facilitate movement of speci es from one conductor to another according to 

i 

the timed application of voltages across the conductors. 

i 

i 
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In another embodiment, the device includes hydrophilic-matrix conductors that intersect 
but arc isolated one from another to prevent electrical or solute species contact. 

In a preferred embodiment the device includes hydrophilic-matrix conductors with 
integral electrodes. Thus for example, a particular circuit component of an integrated- 
electrokinetic circuit in accordance with the invention is an encapsulated hydrophihomatrix 
conductor with integral electrodes for electrokinetic species transport. This circuit component 
can serve also as a column element in a separation device. The preferred device consists of a 
microfabricated hydrophiliomatrix conductor and microfabricated cover layer of encapsulant 
material. 

The hydrophilic-matrix conductor preferably has one end through which a sample to be 
transported or separated can be introduced, and another end where the transported fluid flows 
out. The conductor is preferably disposed over microfabricated electrodes that provide the 
electromotive driving force to cause electrophoretic transport of charged species or 
electroosmotic flow of solvent. Solute species separation in the device of the invention occurs 
because of differential mobility of transported ions (as occurs in conventional slab-gel or 
capillary electrophoresis), or by differential residence at absorptive sites within a column 
element (as in conventional chromatography methods). 

In a further embodiment of this invention, the device includes hydrophilic-matrix 
conductors with variable chemical composition along their length. In this embodiment, a 
hydrophihc-matrix conductor has a first region of a hydrophilic matrix interposed between two 
electrodes that provide the electrokinetic driving force. A second and third region are upstream 
and downstream of the first hydropbi lie-matrix region. The hydrophilic matrix of the first region 
is composed of a material of high electroosmotic coefficient to maximize flow rate at a given 
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applied voltage. The composition of the second and third regions is chosen to optimize for some 
other functional characteristic. For example a composition appropriate to perform a binding 
reaction, a separation or a species detection. Another example of this aspect of the invention is a 
hydrophilic-matrix separation element with graded pore size along its length. 

In yet another preferred embodiment of this invention a reaction zone incorporating 
chemical entities far reaction is integrated with a hydrophilic-matrix conductor. A particular 
circuit component of the integrated-electrokinetic circuit is a reaction zone with inlet and outlet 

3 ports and means for transporting reactant chemicals and products respectively to and from die 

o reaction zone. 

* In another embodiment of this invention, an integrated-electrokinetic circuit includes 

M 

^ reagent reservoirs and waste reservoirs. 

r ^ In still another embodiment of this invention, an integrated-electrokinetic circuit includes 

^ integral detectors, most preferably electrochemical detectors. 

3 In a further embodiment of this invention a micro-analytical system features an 

integrated-electrokinetic circuit consisting of a number of different hydrophilio-matrix 
components. These include hydrophilic-matrix conductors, reservoirs, electrokinetic pumps, 
conductor junctions, integral electrodes, reaction 2ones and detectors. It is possible to perform 
numerous micro-analytical procedures using the device according to this invention. These 
procedures include ligand-binding assays, separations, PCR or primer extension reactions, as 
well as methods employing combinations of reactions and/or separations. 

In another embodiment of this invention a micro-analytical system features a ligand- 
binding array with each binding element connected to an integrated electrokinetic pump 
consisting of hydrophilic-matrix conductors and integral electrodes. Target molecules in a 
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sample solution axe eleclxokineticaJly pumped to a binding region as they pass through an orifice 
into the hydrophilic-matrix conductor. In this way the forced-convective flow of sample solution 
effects rapid species transport to the binding molecules within the binding layer. This device 
provides enhanced speed of response as well as better sensitivity compared to conventional 
ligand-binding arrays on non-porous substrates. 

Brief Description of the Drawings 

The invention will now be further discussed in detail by way of example only and with 
reference to the following drawings, wherein: 

FIG. 1A is a schematic perspective view of a hydrophilic-matrix conductor according to a 
preferred embodiment of the invention; 

FIG. IB shows a schematic top plan view of the hydrophilic-matrix conductor of FIG. 1A; 
FIG. 1C is a horizontal cross-section through the embodiment of FIG- IB taken along line B-B'; 
FIG. ID is a horizontal cross-section through the embodiment of FIG. IB taken along line A- A'; 
FIG. 2 is a diagram of various prior art devices; 

FIG. 3 A is a schematic perspective view of a hydrophilic-matrix conductor with solvent 

insoluble termini according to another embodiment of the invention; 

FIG. 3B shows a schematic top plan view of the embodiment of FIG. 3A; 

FIG. 3C is a horizontal cross-section through the embodiment of FIG. 3B taken along line B-B 1 ; 

FIG. 3D is a horizontal cross-section through the embodiment of FIG. 3B taken along line A-A'; 

FIG. 3E is a schematic perspective view of a hydrophihc-matrix conductor with hydrophilio 

matrix sheath according to an embodiment of the invention; 
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FIG. 4A shows a schematic perspective view of ahydrophilic matrix conductor with integrated 
electrodes according to a further preferred embodiment of the invention; 
FIG 4B is a schematic top plan view of the embodiment of FIG 4A; 

FIG. 4C is a horizontal cross-section through the embodiment of FIG. 4B taken along line C-C f ; 
FIG. 4D is a horizontal cross-section through the embodiment of FIG- 4B taken along line A- A'; 
FIG. 4E is a horizontal cross-section through the embodiment of FIG. 4B taken along line B-B T ; 
FIG. 5 A is a schematic perspective view of an integrated-electrokinetic circuit according to an 
embodiment of the invention; 

FIG 5B is a schematic top plan view of the embodiment of FIG 5 A; 

FIG. 5C is a horizontal cross-section through the embodiment of FIG. 5B taken along line C-C; 
FIG, 5D is a horizontal cross-section through the embodiment of FIG. 5B taken along line A-A'; 
FIG. 5E is a horizontal cross-section through the embodiment of FIG. 5B taken along line B-B'; 
FIG. 6A is a schematic top plan view of an array of hydrophilic matrix conductors with integral 
electrodes and an array of reaction zones at each input orifice of the array of conductor elements, 
according to another embodiment of the invention; 

FIG. 6B is a horizontal cross-section through the embodiment of FIG. 6A taken along line B-B'; 
FIG. 6C is a horizontal cross-section through the embodiment of FIG.6A taken along line A-A; 

Detailed Description of the Preferred Embodiments 

Throughout the following description, equivalent elements are referred to by the same 
reference numbers. 
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FIGS. 1A and IB are respectively a perspective view and a plan view of a first embodiment of 
the inventioa Cross-sections through this embodiment axe shown in FIGS. 1C and D. FIG. 2 
shows for comparison electrokinetic-transport devices of the prior art. 

The device of FIGS. 1A and IB consists of a planar insulating solid substrate 1, and an 
overlayer of a solid hydropliilio-malTix material 2. Matrix layer 2 is spatially defined as a strip- 
line with a longitudinal dimension and provides an electrolyte conductor along which chemical 
solute species can be transported. The conductor 2 is covered by a cover layer 3 of a water 
vapor-peimeable material and has openings 4a and 4b that allow the entry and exit of solute 
species to be transported through the conductor. Openings 4a and 4b are shown as located at 
either end of conductor 2. Also possible are passages through the water permeable layer, as 
shown by 4a 1 and 4b' in FIG. 1. Also possible are openings through the side or lower surfaces. 
The conductor 2 is connected to other elements of the device through openings 4a and 4b. Thus 
in some uses of the conductor of this embodiment it may be connected to a test solution at one 
end through 4a and a reservoir at the other through 4b. Solute species can be electrokinetically 
pumped through 4a from the test solution into the conductor, then along the conductor to the 
reservoir through 4b. In other uses of the conductor of this embodiment 4a and 4b may be 
connected to other hydrophilic-matrix conductors or to other microfabricated elements such as 
reaction zones, reservoirs and the like as part of an integrated-electrokinetic circuit. 

Refeiring to the B-B 1 cross-section of FIG. 1C, in operation a portion of the top surface of 
the device is immersed in an aqueous medium. Water 50 is transported as its vapor through the 
water vapor-permeable cover layer 3, into the initially dry, inactive hydrophilic solid matrix 2. 
The cover layer 3 is otherwise insulating i.e. it does not transport other solute species, ions or 
electrons. After water has been absorbed into the matrix 2, it is rendered functionally equivalent 
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to an aqueous electrolyte. Species 51 that are introduced into the wire through opening 4a, or dry 
solid reagent initially present in the hydrophilic matrix at manufacture, can move through the 
wire by electrokinetic transport through conductor 2 when excited by application of a voltage. 
Species 52 exit the conductor 2 at opening 4b. The voltage is applied by two spaced apart 
electrodes (not shown) that make electrical contact to the hydrophilic-matrix layer. Such 
electrical contact means are well known to those skilled in the art. They include electrodes in the 
form of contacting pins that are brought into electrical contact with the electrokinetic-conductor 
layer on the substrate, as well as integral electrodes described further below. 

The specific composition of the material of layer 2 depends on its function in the device. 
The primary function of the hydrophilic-matrix material is to provide for a physical support 
structure into which water can be incorporated to render the layer functionally an aqueous 
electrolyte. In separation applications described in later embodiments of this invention, the 
conductor is used as a separation column. In these applications the composition of the conductor 
layer 2, is selected to provide optimum separating properties that are determined by the shape 
and size of the species to be separated. In applications where a high flow rate of solution through 
the conductor is the important property then the composition is chosen to maximize the 
electroosmotic coefficient. 

The hydrophilic-matrix 2 consists of a material composed of either monomeric or 
polymeric hydrophilic molecules that readily incorporate water. Examples are sugars, starches, 
alcohols, ethers, poly amino acids proteins and hydrophilic silanes and derivitized silanes. The 
hydrophilic matrix 2 may consist of a hydrophilic polymer in an extended state such as in a gel. 
Absorption of water results in a gel-like polymer in which water is incorporated into polymer 
chain interstices. Examples of suitable materials are cross-linked polyvinyl alcohols, poly 
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hydroxy methacrylates, polyacrylamides, agarose, gelatins and silanes. The hydrophilic matrix 2 
may be formed from a latex. The hydrophilic matrix may also contain dry electrolyte salts (to 
achieve high internal osmolality for good water uptake), buffers (to regulate internal pH for 
control of swelling of the hydrophilic matrix and to regulate internal pH to control chemical 
species transport and reaction) and other reagents depending on the function of the device in 
which the conductor is used. 

The water vapor-permeable layer may be manufactured from a variety of different 
<P materials. Low density, hydrophobic hydrocarbon and fluorocarbon polymers are insulating and 

j. 

P? water permeable. Silicones, siloxanes, silicone-polycarbonate copolymers are preferred materials 
JJ because they are insulating and highly water vapor permeable. The most preferred materials are 
r? dimethyl polysiloxane and silicone polycarbonate because they can endure a significant physical 
f*j expansion of the underlying material as water is absorbed. 

6 The device of the embodiment of FIG. 1 is fabricated using microfabrication technology, 

0 For example the substrate 1 may be any planar material suitable for use in micro fabrication 
equipment such as silicon, a ceramic, a glass or a polymer. The substrate material can be 
insulating as is, or it can be coaled with a material to render it insulating. For example, if the 
substrate is semiconducting silicon it can be coated with insulating silicon dioxide according to 
numerous techniques well known in the art. The substrate may be partially manufactured, in 
which case it already supports microfabricated conduits and chambers with insulating coatings, 
and a next level of electrokinetic circuitry is being fabricated. Some methods of 
microfabricating hydrophilic solid matrix layers that are appropriate to their use in biosensors are 
well known in the prior art of biosensors. Compositions and methods which can be used for 
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microfabricating hydrophilic-matrix layers for the electrokinetic devices of this invention are not 
known in the art 

In one embodiment of the manufacturing method of the current invention, photo- 
fonnable formulations are used for the manufacture of the hydrophilic matrix. Additives to 
hydrophilic polymer materials that cause cross-linking upon exposure to radiation are well 
known. Such additives when formulated with the other components of the hydrophilic matrix in 
accordance with the invention render the cast polymer film photo- formable. The process of 
pholo-fonning is similar to the processing of a standard photoresist. A layer of the material is 

ffl 

<y deposited on a planar substrate by spinning, spray printing, dipping or casting. It is allowed to 
fQ dry. The dried layer is exposed to actinic radiation through a mask. UV exposure is common, 
U although other wavelengths of light are possible depending on the additive component's 
£3 wavelength sensitivity. Electron beam formable materials also are feasible. The exposed film is 
y then developed in a developing medium in a bath, or spray or even a dry plasma process. For the 
ff wot development processes aqueous developing solutions are typically used. It is a disadvantage 
of such a process that salts and other chemicals that might be necessary for the proper operation 
of the device would be removed from the hydrophilic matrix during the wet development 
process. Another disadvantage of photo-formable layers is die potential deletereous effect on the 
intended properties of the final hydrophilic matrix of the photo-active additives. 

A preferred embodiment of the manufacturing method, a more general approach to 
photo-forming hydrophilic-matrix layers, is disclosed here. This process is particularly suited to 
processing of hydrophilic-matrix materials containing salts and other dissolvable reagents for the 
electrokinetic-conductor applications of the ciurent invention. The process utilizes completely 
dry plasma etching steps on hydrophilic materials designed to be ash free when plasma etched. 
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By way of example, a hydxophilic-matrix material containing electrolyte salts and buffers is 
deposited on a planar substrate from an aqueous solution by spinning, spraying, printing or 
dipping. Spinning is preferred- A photoresist layer is coated from a non-aqueous solvent over 
this. It is exposed and developed. The photoresist pattern is then transferred by etching into the 
underlying hydrophilic-matrix material using a plasma process that leaves no ash in the etched 
areas. The plasma etch step concurrently removes the photoresist layer. For example, when the 
hydrophilic matrix contains only carbon, hydrogen, oxygen and nitrogen an oxygen plasma will 
etch the material forming only volatile etch products and no ash. In this example the hydrophilic 
matrix should be formulated with non-metallic salts and buffers to be ash-free during oxygen 
plasma etching. Thus the preferred compositions of the hydrophilic matrix and its electrolytes, 
buffers and reagents are those suitable for ash-free plasma etch processing. Using the above 
described ash-free dry processing techniques one or more hydrophilic layers may be sequentially 
processed into formed structures without exposure to wet developers. All of the components of 
the films are retained during the process, No potentially deleterious additives are required. 

The water vapor permeable cover layer 3 may be deposited from the vapor phase using 
techniques well known in the xnicrofabrication art such as sputtering, plasma deposition, or glow 
discharge polymerization. Preferably however, the water vapor permeable layer is deposited 
from solution. Solvent-castable material compositions such as silicones, siloxanes or silicone 
polycarbonates are thus preferred. The cover layer 3 is preferably photo-formed or patterned 
using a standard photolithography and subtractive etching method. 

Those skilled in the art will appreciate that devices in which there is rapid water 
absorption into the dry hydrophilic matrix could also be fabricated by making the insulating 
substrate 1 ? or an insulating coating on it ? out of a water-permeable material. In general, devices 
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with any suitable arrangement of a water-permeable insulating material in contact with at least a 
portion of the dry hydrophilic matrix will facilitate wel-up of the hydrophilic matrix. 

It will be apparent to those skilled in the art of lab-on-a-chip devices that it is possible to 
configure the single conducting element of the embodiment described in FIG. 1 as part of a more 
complex integrated-electrokinetic circuit. It is well known to practitioners of integrated-circuit 
technology that the methods of planar microfabrication such as those disclosed for the 
fabrication of the embodiment of FIG. 1 are particularly suited to the fabrication of more 
complex structures such as the integrated-electrokinetic circuits disclosed herein- The conductor 
of the embodiment of FIG, 1 may be a component of a device consisting of an array of such 
conductors integrated on a single planar substrate. Such an integrated-electrokinetic circuit will 
be useful in numerous micro-chemistry applications. The array can be used to perform numerous 
separations at the same time, or the it can be used to transport numerous micro-batches of test 
solutions to arrays of reaction zones to perform multi-analyte assays at the same time. Another 
example is an integrated-electrokinetic circuit having intersecting and contacting conductor 
elements so that aliquots of solution being transported down one conductor can be 
electrokinetically transferred to another. Even complex conductor geometries of these types of 
devices can be readily fabricated through a single photo-process step of the hydrophilic-matrix 
conductor layer, a so-called single-level process. An integrated-electrokinetic circuit can also 
consist of conductor elements that intersect but are isolated one from another. In this example of 
a two-level conductor process, a first hydrophilic-matrix layer is formed into a conductor 
element by photolithography. The conductor is coated with an insulating layer, photo-processed 
to cover the first hydrophilic matrix and to form openings, then a second hydrophilic-matrix 
layer is formed and photo-processed into a conductor element that crosses the first conductor but 
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is separated from it by the insulator. Finally there is a second insulator coating on the second 
conductor level. Further examples of integrated-electrokinetic circuits are described in the 
embodiments of FIGS. 5 and 6., 

FIG. 2 shows schematics of prior art electrokinetic devices. As was discussed in the 
background to this invention, there are three categories of prior-art devices. 
Schematic 100 shows some of the functional components and general dimensions of prior art 
slab-gel devices- In contrast to the devices of this invention they are produced by macro- 
V3 fabrication methods. The devices are prepared by casting a gel slab 101 onto a plastic or glass 
^ support 1 02. Prior-art devices such as these are presented for use with the gel in its wet form. 
j£ Schematic 1 10 shows the general forni and typical dimensions of a prior-art capillary tube used 

HJ 

for capillary electrophoresis. The prior art capillary tubes are glass pipes with circular cross- 
Q section. 

0 Schematic 120 shows the general form and typical dimensions of planar micro-channel 

p devices of the prior art. Capillary sized channels 122 are formed into planar slabs of insulator 
121 and capped with an insulating cover 123. The resulting cavity closely emulates the cross- 
sectional dimensions of the prior-art capillary tube. 

[n contrast to the devices of the current invention, devices 110 and 120 of the prior art are 
empty pipes or channels into which electrolyte is introduced at the point of use through one of 
the open ends of the pipe and the capillary is filled by pumping of the fluid along the length of 
the pipe prior to the electrophoretic separation. 

FIGS. 3A-D show a further embodiment of the invention. The Figures respectively 
illustrate a perspective view and a plan view with horizontal cross-sections A-A' and B-B f of a 
conductor consisting of a hydrophilic-matrix conductor with insoluble termini. In FIGS. 3A-D 
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the device consists of a planar, insulating solid substrate 1, an overlay er of a hydrophilic-matrix 
material 2. Hydrophilic-matrix layer 2 is Ispatially defined as a strip-line with a longitudinal 
dimension along which species can be transported. It is delimited at either end by insoluble 
termini 5a and 5b that are made of a hydrophilic-matrix material that does not dissolve in water. 
The cover layer 3 of water vapor-permeable material includes openings 4a and 4b that allow the 
entry and exit of solute species to be transported through the conductor. Openings 4a and 4b axe 



located at the position of the termini 5a and 



5b. 



Referring to the B-B' cross-section of FIG. 3C, in operation a portion of the top surface of 
the device is immersed in an aqueous medium. Water 50 is transported as vapor through the 
water vapor-permeable cover layer 3 into the initially dry, inactive hydroplrilic-matrix 2 (as in 
the case of the FIG- 1 embodiment). Thereover layer 3 is otherwise insulating, that is, it does not 
transport other solute species, ions or electrons, The terminal regions 5a and 5b which are 
intended to come into direct contact with aqueous media (either during use of the device or 
during back-end manufacturing process steps) provide a barrier so that contents of the 
hydrophilic-matrix material 2 do not dissolve out into the aqueous media. For example, layer 2 
may contain polyethylene glycol. Then, termini 5a and 5b may be made of a cross-linlced 
polymer that is impermeable to polyethylene glycol. The function of the termini 5a and 5b is to 
allow electrokinetic transport into the conductor 2 of selected species in the aqueous medium 51 
(solute for transport to a reaction, species to be separated or detected) through opening 4a while 
preventing efflux of larger molecules that are fabricated into the matrix of conductor layer 2. 
These molecules are retained within the conductor layer 2 during the course of the device's 
operation. Species 52 exit the conductor ,through opening 4b. 
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The embodiments of FIG. 3 A - 3D (las well as the embodiments of FIG. 3E and FIGS. 5 

I I 

and 6) shows examples of devices with hydro phjlic-matrhc layers formed with different 
compositional regions. Those skilled in tae Sort will recognize that the ability to fabricate 
electrokinetic conductors with regional compositional variations could be advantageous in other 
applications of these devices. Practitioners of the art will also recognize that advantageous 
compositional variations of the electrokinetic transport medium are difficult to realize in the bulk 
cast slab-gel devices or in the empty capillary pipe or channel devices that are filled with 

II : 

transport medium by pumping along the length of the pipe or channel at the point of use. One 

| i 

example of the prior art where regional compositional variation has been achieved is the macro 
gel-slab used in prior-art two-dimensional protein separation devices. The macro gel-slab is 
fabricated with its composition varying in a direction orthogonal to the electrokinetic transport 
direction- This compositional variation i : s designed to effect a spatially dependent pH orthogonal 
to the transport direction. Such materials are suited to two-dimensional separation of proteins by 

; 1 ; ... 

virtue of the pH dependence of the protein molecules' charge and hence electrophoretic mobility. 

i i ! 

A micro-scale device of this type or an integrated array of such devices can be fabricated using 
the technology of the current invention. 



In another example, the hydrophi 



ic-matxix conductor has a regional variation of pore 



size along the transport direction. This property will cause there to be regional variation of 
electrokinetic mobility of transported species. This is advantageous in a separation device where 



i i 

i i 



the species to be separated have a wide range ofjraobilities. bx a uniform-pore separation 

1 i ' 

medium, high molecular weight molecules will neither be transported far nor well separated in 
the time it takes small molecules to traverseithe full length of the medium. In a graded-pore 



device these differences will be reduced. 



Such a'compositional variation can be effected readily 
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ly cross-linked regions smaller pores 



using microfabrication technology. In on 5 technique a hyjrophilic matrix layer is formulated 

i 

! i i , i 

with radiation induced cross-linkers as in a standard photoresist. The degree of cross-Mbng is 

dependent on the radiation dose, also as in a standard photoresist. Different regions of the layer 

I 

when exposed to different degrees will give [differently crpss-linked regions. Less cross-linked 

] ! 

regions will have larger pores and higher mobilities, highl 
and lower mobilities. 

Tn some uses of hydrophilic-matrix conductors according to this invention it might be 

advantageous to provide for a rapid conducting path in species contact with an adjacent material 

i ! 

such that species can inter-diffuse betwden them. Such a device is shown in HG. 3E. It is still 
another example of a device with compositional variation of its hydrophilic-matrix materials. 
There is a microfabricated hydrophilic-matrix conductor 2 with a cladding layer of a second 
hydrophilic-matrix material 5 running along 1 its length and in contact with it. Both hydrophilic- 
matrix layers axe coated with a water-permeable insulating cover layer 3. As in the FIG. 3A 

i 1 [ ... 

example, electrokinetic transport of species is primarily along conductor 2. Hydrophilic matrix 5 

! i 

may contain absorption sites for retention of species traversing the conductor 2 during the use of 
the device in an electroldnetic chromatographic separation application. Hydrophilic matrix 5 may 

! I f ! 

contain reagents (salts, buffers or polymers and the like) jhat, when released into conductor 2, 
regulate the transport properties through thej conductor. In the FIG. 3E embodiment, the cladding 
layer 5 is first formed on substrate I , then, conductor 2 is deposited onto it and microfabricated to 
be co-linear with 5. There are clearly othler spatial arrangements of the two hydrophilic matrix 
layers that will provide equivalent function as the embodiment of FIG. 3E. For example, it is 
possible to first microfabricate layer 2 and then layer 5 so that layer 5 is on top of layer 2. 
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FIGS. 4A-E show another embodiment 6f the invention. The Figures respectively 
illustrate a perspective view and a plan view with horizontal cross-sections A-A r and B-B' and C- 
C of a hydrophilio-matrix conductor witi integral electrojdes. In FIGS. 4A and 4B the device 

i - 

consists of a planar, insulating solid substrate 1 with two electrodes 7a and 7b spaced apart on 
the surface of the substrate. Electrodes 7a and 7b are electrically insulated by layers 8a and 8b 

along the length of the electrodes. The conductor 2 is in the form of an overlayer of a 

!! ' ! 
! l 1 1 

hydrophilic-matrix material applied to the substrate and spatially defined as a strip-line with a 

: i 

longitudinal dimension along which speciesican be transported. Spaced apart portions of the 

conductor layer 2 are located over the spaced apart electrodes 7a, 7b so that the electrodes are at 

i i 

different positions along the long dimension of the layer 2. Passages through the insulators 8 a 
and 8b are provided at locations 9a and 9b that permit electrical contact between electrodes 7a 
and 7b and the conductor layer 2. In usq the other ends of electrodes 7a and 7b (not shown in the 

! 

| 

diagrams) are connected to electrical circuits that supply electrical power to the electrodes. A 

ij : i 
1 1 ' 

cover layer 3 of a water vapor-permeable material is applied over the conductor layer 2. There 

: I ! i 

are openings 4a and 4b that allow the entry and .exit of species to be transported through the 
conductor. 

Referring to the C-C cross-sectioii olf FIG. 4C 5 in operation a portion of the top surface of 
the device is immersed in an aqueous medium. As in the case of the embodiment of FIG. 1, 
water 50 is transported as its vapor throujgh the water vap'or permeable layer 3 into the, initially 
dry, inactive bydrophihc solid matrix 2. The; cover layer 3 is otherwise insulating, that is, it does 

not transport other solute species, ions oil electrons. These molecules are retained within 

' i 

conductor layer 2 during the course of this device's operation. After water has been absorbed into 

l \ ' ■ ; 

the matrix 2, it is rendered functionally equivalent to an aqueous electrolyte. Species 51 



• 25- 



04/01 16:08 FAX 6132308842 BORDEN LADNER GERVAIS 1^3 033 

: i 
I 

introduced into the conductor layer through opening 4a; or dry solid reagent initially present in 
the hydrophilic matrix at manufacture, become transportable by convective flow of the 
electrolyte within conductor layer 2 when electroosmotically pumped, or when the solutes are 
electrically charged, by electrophoretic transport in an electric field. The application of an 
electrical potential difference between electrodes 7a and 7b provides the electromotive force for 
electrokinetic transport of species. Positively charged species 54 will drift towards the cathode, 
negatively charged species 55 towards th!e anode. Also, the entire aqueous electrolyte within the 
hydrated hydrophilic matrix will be pumped by electroosmosis. As is known in the art, the zeta 
potential of static surfaces within the solid matrix and its walls is generally negative and the flow 
of the body of electrolyte 53 within the matrix 2 will be toward the negative electrode as shown 

inFIG4C ! 

Electrodes 7 3 insulators 8 and passages 9 are manufactured by standard micro-fabrication 
methods. Preferably the compositions and methods of manufacture of these structures are taken 
directly from standard processes employed in high volume manufacture of silicon chips. Thus 
electrodes 7 are polysilicon or refractory metal, or refractory metal silicides or gold, for example. 
Insulator 8 is silicon dioxide or polyimide, for example. 

Those skilled in the art will recognize that there are other possible arrangements of 
integral electrodes for connection to the hydrophiliomatrix conductor. For example, a device 
utilizing a substrate with electrodes on the opposite side to the hydrophilic matrix conductor, 
having holes through the substrate to provide electrical contact between electrodes and the 
conductor will function equivalently to the embodiment shown in FIGS. 4A - 4E. 

The device of FIGS. 5A - 5E is an example of an integrated-elecliokinelic circuit 
featuring hydrophilic-matrix conductors and integral electrodes. This device is a self-contained 
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is a hydrophilic-matrix reservoir 2a 
2b contacting conductor 2 at the other 



micro-analytical system on a chip. In addition to hydrophilic matrix conductors taught in the 
embodiments of FIGS, 1 - 3 and an integrated electrokinetic pump taught in the embodiment of 
FIG. 4, this embodiment teaches additional integrated-electrokinetic circuit elements such as 
reservoirs, reservoirs containing reagents, conductor junctions, reaction zones and integral probe- 
electrodes. In this embodiment there is a first hydrophihc-matrix conductor 2, and a second, 
optional hydrophiUc-matrix conductor 2d contacting it aid forming a junction with it. 
Conductors 2 and 2d are in the form of strip-lines. There i 
contacting conductor 2 at one end and a second reservoir [ 
end. Optional hydrophilic-matrix reservoir 2c contacts optional conductor 2d at its end. 
Reservoirs 2a, 2b and 2c have a large surface area and volume relative to conductors 2 and 2d. 
The reservoirs can contain dry reagent when fabricated, as determined by the specific application 
of the micro-analytical system. There are integral electrcdes 7a, 7b and 7c providing electrical 
contact to each of the reservoirs. Electrodes 7 are insulated along their length with insulator 8. 
Passages through the insulators 8a 3 8b and 8c are provided at locations 9a, 9b and 9c that permit 
electrical contact between electrodes 7a and 7b and 7c and the hydrophilic matrix reservoirs 2a, 
2b and 2c. All of the above hydrophilic-matrix circuit components are coated with an insulating 
but water-permeable cover layer 3. There is an opening f through cover layer 3 over conductor 2. 

The device of this embodiment also constitutes a x 
for delivery of fluids through conductor 2. Fluids may be pumped from reagent reservoirs 2a or 
optional 2c 3 along conductor 2 to a region 6 of the device where there are separators, analytical 
cells or reactors as described below, then to a waste reservoir 2b. Reaction zone 6, including a 
means for monitoring species concentration therein, is ajhydrophilic-matrix region along 
conductor 2 in which chemical reactions, separations an! species detections take place. The 



micro-electrokinetic pumping system 
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concentration of chemical species within the reaction zone 6 may be probed by a variety of 

techniques well known in the art including by optical absorbance, by luminescence or laser 

i If 

induced fluorescence of luminescent or fluorescent molecules or labels in the reaction zone 6 by 

j i I; 

optical detector 1 1 (not illustrated) or by electrochemical detection using electrochemical probe 

I ! 

electrode(s) 7d. The reaction zone 6 may be tile same composition as the hydrophilic matrix 
conductor 2, as in the electrophoretic separation application of this device described later. In 
other applications of the micro-analytical system, reaction zone 6 may be a different 
composition. For example in the ligand-binding assay application of the micro-analytical system 
reaction zone 6 contains reagents that bind with species being transported along conductor 2. 

! I! 

Referring to the B-B T cross-section of FIG. 50, in operation a portion of the top surface of the 
device is immersed in an aqueous medium. Water 50 is transported as vapor through the water 
vapor-permeable cover layer 3 into the initially dry, inacjive hydrophilic-solid matrix conductors 
2 and 2d 5 reservoirs 2a, 2b and 2c, and reaction or separation zone 6. The cover layer 3 is 
otherwise insulating, that is, it does not transport other solute species, ions or electrons. 

I I 

One use of the micro-analytical system of FIG. 5 is in a ligand-binding assay. In this 
application an electrolyte solution containing the target molecule to be assayed is introduced into 

! I 

the hydrophihc-matrix conductor 2 through orifice 4. This is achieved by electxolcinetic pumping 
when a positive voltage is applied to the electrolyte solution by integral electrode 7e relative to 
the voltage of waste reservoir 2b applied through electro pe 7b. Thus, sample solution is pumped 
through 2 to zone 6 which contains an immobilized ligarid that binds the target molecule. The 
bound target molecule may be detected within zone 6. Ajtypical detection strategy known in the 
art is to introduce a label molecule that also binds to the target molecule. The label molecule will 
traverse the conductor 2 to zone 6 where it binds to the target molecule. The concentration of the 



i 
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bound entity including the bound target molecule and labei is detected by assaying the 
concentration of the label as is known in the art. Labels may include but are not limited to 
fluorescent, luminescent, optically absorbing or enzymatic 'lab els. In this assay method only the 
bound label concentration that is related to bound target molecule concentration is measured, 
because unbound label molecules are removed from the reaction zone 6 by electxokinetic 
pumping and are not detected. The concentration of chemical species within the reaction layer 6 
is measured by optical detector 11 or by integral electrochemical probe electrode 7d. In optical 
detection methods detectors are usually off-chip devices} although integral optical detection 
devices are known in the art of ligand-binding devices. Electrochemical detectors are particularly 
suited to integration as described in this embodiment of the invention. An integral 

I; , ; 

electrochemical probe electrode 7d (or array of electrodes constituting an electrochemical ceil) 
and the associated isolation insulator 8d are shown in FIG. '5 A, A passage 9d that connects probe 
electrode 7d to the reaction zone 6 is shown in FIG. 5B and 5D. Also shown are one or more 
electrode coatings 10 interposed between the probe electrode and the reaction zone. In this 
configuration, the electrochemical probe electrode(s) 7d ; 
biosensor detector located in a zone of the hydrophiHc-matrix conductor. 

I 

There are numerous combinations of electrodes 7d and coatings 1 0 known in the prior art 
of electrochemical biosensors. Indeed, some biosensors iave been used in prior-art separation 
devices using electrochemical detection. 

To illustrate the types of biosensors that might be used in a device of the present 
invention, consider a reaction zone 6 in which a reaction! takes place that produces a change of 
pH. Electrodes 7d and coating 10 might then ^e a pH electrode with a pH selective membrane. In 
another example, the reaction being probed might produce a change in hydrogen peroxide 



and coatings 1 0 together constitute a 
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q is the enzyme glucose oxidase. In this example 



the electrode 7d is a platinum metal anode land the coating 10 is a hydrogen peroxide selective 



layer. Those skilled in the art will appreciate that there are many possible biosensor devices that 



could be used in this invention. 



In those cases where the probe reaction is enzyme based, such as in a ligand binding 

M * "! ! 

i i i 1 1 i ! 

assay using an enzyme probe, it can be advantageous to introduce substrate for the enzyme 
reaction after the binding reaction has occurred. This can be ; achieved by electrokinetic pumping 
of the enzyme substrate contained in reagent jrefeervoir 2c. Rbagent flows from 2c via 



hydrophilic-matrix conductors 2d and 2 



through reaction zone 6 to waste reservoir 2b . Pumping 



is achieved by applying a positive voltage jo reagent reservoir 2c through electrode 7c relative to 

i ! '' ' ,: 

the voltage of waste reservoir 2b. Those skilled in the art of ^electrochemical detection in 
electrokinetically pumped systems appreciate that there are other arrangements of reaction zone 
6 and its electrochemical detectors with respect to the high voltage electrokinetic pumping 
electrodes. For example when pumping dectrohe 7b is llcated just upstream of 6 in conductor 2 
electrode 7d is located outside of the high field region, thus simplifying the electrochemical 

i I ! ; I i 

detection process. Such other electrode arrangements are clearly contemplated as variations of 

! S ! :: 

the current invention. I j j ! 

Another application of the miarojanajytical system of FIG. 5 A is in electrokinetically 
pumped separations. In this case, the reaLiorl zone 6 is a separation column. Its contains a matrix 

I i j : | 

suitable for separating species transportejd through it. la use, a carrier electrolyte is pumped from 

| j j j ; 

carrier reservoir 2a to waste reservoir 2bj. Pumping is achieved by applying a positive voltage to 
earner reservoir 2a through electrode 7a!relative to waste reservoir 2b. A segment of sample is 



electrokinetically pumped through port 4 into the carrier 



iT; 



electrolyte flowing in conductor 2. This 
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is achieved by switching the positive potential from carrier reservoir 2a applied through 

f ■ : I i 

electrode 7a to the sample solution applied through electrode 7e contacting it, then back to 7a. 



Species become spatially separated as they are 



electrokinetically transported along the 



hydrophilic-matrix in the separation region 6 a!s powered by electrodes 7a and 7b. Charged 

! • i ! 

species are separated by differential electrical mobility (electrophoresis), uncharged species are 
separated by differential residence on absorbing surfaces of the separation medium within the 
hydrophilic matrix (chromatography). The|Coneentration versus time profile of separated 
chemical species as they traverse the reaction zone 6 is monitored by an optical detector 1 1 or an 

integral electrochemical biosensor (electrode 7jd with coatings 10). The composition of 

, i) 1 

separation zone 6 could be the same as hydrop^ilio-matrix conductor 2 in the simplest 

implementation of the device in an electrophoietic separation. In another implementation in a 

ji 

chromatographic separation, zone 6 may;be two components as described in the hydrophilic- 
matrix conductor of FIG. 3E. i 1 j. ; 

: -li 

In one specific example of a separation- application, the species to be separated are DNA 

j r - J- i 

fragments with fluorescent labels, such ds might be obtained from a Sanger reaction or a primer 

1 1 f ! 

extension reaction. . j 

i \ [ 

In one method of manufacture of the micro-analytical system of the FIG. 5 A 

embodiment, a single layer of ahydrophilic-m&trix material is deposited onto a planar insulating 

! 1 ; i [ 

substrate with integral thin film electrodes. The hydrophilic matrix is formed into the pattern of 



the integrated-electrokinetic circuit consisting 
using photo-processing methods described! ear 



of reservoirs and conductors shown in FIG. 5 A 



ier. Either a single circuit or an array of circuits 



i i 

on a chip can be fabricated with the same photo-processi Reagents are added to photo-formed 
reservoirs by an impregnation step using; a solution that contains reagent applied locally over a 
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a process of dispensing from a nozzle, spotting or an 



ink-jet deposition process. Different reservoir Contents can be achieved by applying different 



impregnating solutions over each reservoir. Cover layer 3 

i 

processes described earlier. 

The micro-analytical system of FIG. 5; is conveni 



ent to package because all of the 
component reservoirs and conductors are electrically isolated from the sample fluid and from one 



another by the cover layer 3. However, the 



is then deposited and formed using 



reservoirs are hot vented in this device, they are 



sealed. In this case there will be an interna! pressure build -up within the sealed reservoirs 
resulting from significant efflux or influx of electrolyte during pumping, such back-pressure 

— — 

into or out of a reservoir is small compared with its volume. Clearly it is also possible to provide 



vent openings through cover layer 3 over ejach 



external electrolyte solution reservoirs iri applications where the amount of material to be 



pumped is sufficient to cause build-up of 1 



reservoir 2a, 2b and 2c to connect them to 



pressure in a sealed reservoir system. In such a 



vented reservoir device packaging is more complex sincfe'the electrical isolation of external 
reservoirs is necessary to operate the van Jus pumping functions as is appreciated by those in the 



art. 



With the invented micro-analytical system using 



the invented integrated-electrokinetic 



I 1 i 

circuits, it is now possible to perform many different micro-analytical procedures on a chip. 
Thus, the use of the invented devices is no : limited to lijand-binding assays and separations that 
described in the embodiment of FIG. 5. It lis contemplated that different arrangements of 
integrated-electrokinetic circuit compon^n^s according tj>jthis invention can provide micro- 
analytical systems to perform numerous ;ahalytical functions. Some other integrated- 
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electrokinetic circuits and components according to this invention used in additional analytical 

i 

applications include but are not limited to: devices with reaction zones incorporating per 
reactions, devices with reaction zones supporting primer extension reactions in general, devices 
with reaction zones incorporating restriction enzymes; integrated devices combining the above 

! i 

reaction zones with a hydrophiliomatrix' separation column to analyze reaction components, 

, -I S ; 

FIG 6 shows another embodiment of the invention.. This device is configured as an array of 

' ' I. 

electrokinetic pumps for transport of a sample solution through an array of reaction zones. In this 

1 : I. 

device a hydrophilic-matrix conductor 2 is deposited onto a planar insulating substrate with 

i ; 

integral electrodes 7a and 7b. The hydrophilic matrix is formed as a parallel array of branch 

i 1 

elements joining at a common reservoir 2b. Conductors and reservoir are coated with a cover 
layer 3 of a water vapor-permeable insulatoi* The device has an array of openings 4 for influx of 
a sample solution into fee hyckophilic-matrix conductor 2. There is one opening 4 in each of the 
conductor branches, A reaction zone 6 is provided at each opening. 

1 i 

In a specific example of the device of FIG. 6 the reaction zones 6 contain binding ligands. 

1 ' ! ■ 

Thus, this embodiment now provides ligand binding arrays and their processes for the 
manufacture. Such devices are very familia^ in the fields of immunoassay and DNA probes with 

s 

the added benefit that each element of the binding array can have the sample solution 
electrokinetically pumped to it under device control. In operation, a portion of the top surface of 
the device is immersed in a sample solution, containing one or more species for assay. As in the 
previous embodiments of this invention, water 50 is transported as its vapor into the hydrophilic 
matrix. Once wet-up the activated hydrophilic matrix becomes a conducting electrolyte. 
Electrokinetic transport occurs when a voltage is applied to the electrodes 7a and 7b. In this 
embodiment it is preferable that the hydrophilic matrix be chosen with a large electroosmotic 
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coefficient such that electroosmosis ofithe 



purpose of the electrokinetic pump is to 



1^1 041 



entire solution! is the fastest transport mode. The 



transport target molecules from the bulk sample solution 



to the reaction zone containing ligand where they are bound and detected. Electxokinetic 



transport of sample solution containing 



and sensitivity of the ligand-binding reaction compared to the standard Jigand-bindrng array 



where the target molecules diffuse from 



Each of the reaction zones 6 of the 



possible to configure a separate electrode; 

, i 

matrix 2. In this way there is additional 



target molecules to the binding site enhances the speed 



the ; bulk solution to the binding site. 



ligand as is typical of ligand-binding arrays. In a variation of the FIG. <5 embodiment it is also 



FIG. 6 embodiment can contain a different bindins 



br each of thejjbranch elements of the hydrophilic 
flexibility to appjy different voltages for each branch, or 



to regulate the timing at which each pump is activated. Ttiose skilled in the art will recognize that 



there can be different arrangements of the 



location of pu&iping electrodes relative to openings 4 



and reaction zones 6 that will also achieve the desired object of electrokinetically pumping a test 

, 1 i ie 

! ] !* 

solution through the reaction zone, Fonexample the opening could be located over a hydrophilic 



matrix conductor between the integral pumping electrodes. Also, one of the electrokinetic-pump 

■!.)■' j; 

electrodes could be immersed in, and in contact with theteample solution. Non-integral 

;|; ;| : ■ * 

electrodes immersed in aqueous reservoirs connected to fee sample solution and reservoir 2b also 



could provide the electrokinetic pump s 
elements 6 relative to the orifices 4 arid 
schematic of FIG. 6. Orifices 4 may be! 



power. The detailed position of the ligand-binding 
conductor 2 maybe somewhat different from the 

u 

ojcated at an endiilocation of the conduit as in the 



embodiment of FIG. 1. Instead of locating the ligand-binding elements as coatings over orifices 4 

■I'l i| ! 'I 

as shown m FIG. 6, the ligand-binding dements may bejco-planar with the conductor 2. 



>/04/01 16:11 FAX. 6132308842 



BORDEN LADNER GERVAIS 



In the example shown in FIG. 6 integral 

i 

and water-permeable insulator layers 3 



l^] 042 



electrodes 7a and 7b, hydrophilic-matrix conductors 2 

i 

with openings 4 are fabricated on a planar insulator 1 , as 



in the previous embodiments of the inyention. The ligand-bihding elements may be applied onto 



openings 4 by dispensing fiom a nozzle, 
known in the art of ligand-binding arrays, 
Although the invention has been 



by ink-jet printing, or by a spotting processes as are 



with reference to specific preferred 



described above * 

embodiments and examples of the devifcje and method of manufacture of the invention, it will be 

i|; ■ ! 

understood that other specific devices;a&d methods are also encompassed by the present 



invention which is only defined by the 



scope of the appended claims. 



